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Determination of free fractions 



Technical Field 

The invention relates to methods for the determination of pharmacological properties 
of substances, such as, e.g., chemical substances. The invention also relates to 
methods and kits for use in the determination of the free fraction , of 
pharmacologically active compounds in aqueous solutions and serum. The invention 
also relates to the above methods in which solid particles, coated with a lipophilic 
medium, are used. 

Background 

Quantification of protein binding of new chemical entities is an important early 
screening step during drug discovery and is of fundamental interest for the estimation 
of safety margins during drug development. 

Commonly used methods for the determination of protein binding, e.g. ultrafiltration 
or equilibrium dialysis are readily adaptable to high throughput 3 but in the case of 
lipophilic drugs, being strongly bound to plasma proteins, their use is limited due to 
unspecific adsorption. Due to the fact that in recent years a trend to more lipophilic 
drugs is observed 4 , the need for new techniques that overcome these problems and 
that can be adapted to high throughput is increasing. 

One technique that was especially designed for the determination of protein binding 
of lipophilic drugs is based on the distribution of drugs between plasma and 
erythrocytes or buffer and erythrocytes, respectively 5 . In the following, this technique 
is referred to as the partitioning method. Unfortunately, precision of the basic method 
is poor in the case of highly protein bound drugs (i.e., in the case of drugs which 
show high affinity to proteins). 
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A modification of the partitioning method is known to the person skilled in the art 6 , 
which overcomes that disadvantage by determining £, at several dilutions of plasma 
via linear regression. Another modification of the partition method circumvents the 
most critical step in the determination of f u via partitioning, the handling of the drug 
in protein free medium 7 . 

It is known that Transit® is a widely used substance for the high throughput 
determination of membrane affinities in drug discovery 9,10 . A person skilled in the art 
will recognise that Transit® comprises solid silica particles that are coated with egg 
yolk phosphatidylcholine. 

Recently a new approach for the determination of relative free fractions by 
equilibrium dialysis was reported using plasma of different species in each dialysis 
chamber 16 . However, validation of this approach is still outstanding. Own 
experiments using this method for drugs highly bound to plasma proteins (f u <0.5%) 
did not yield valid results (data not shown). 

The closest prior art discloses a modification of the partitioning method that uses 
diluted plasma from various species but only erythrocytes from a single species 8 , 
thereby circumventing the necessity to isolate fresh erythrocytes for each individual 
test organism being under investigation in cross-species studies. 

The new method is an advancement of the previously described erythrocytes 
partitioning technique 8 . The most time-consuming step in this method is the 
preparation of the erythrocytes: they are obtained by centrifugation of fresh, 
heparinised blood and have to be washed three times in isotonic phosphate buffer. 
Furthermore, the washing of the erythrocytes has to be done very carefully to avoid 
hemolysis. However, in some cases hemolysis can not be completely prevented and 
erroneous results due to binding of drugs to hemoglobin can not be excluded. All 
these difficulties are avoided using solid-supported lipid membranes. The material is 
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commercially available and was especially developed to determine membrane 
affinities in HTS format (as an alternative to liposomes) 9 * 10 . 

Description of the invention 

From the above mentioned state the technical problem to be solved by the current 
invention is to provide a new and improved method for the determination of the free 
fraction, f u> of substances, such method being amenable to a high-throughput 
experimental approach. 

This problem is solved by providing a new method which is a major improvement of 
the previously mentioned erythrocytes partition method 8 . It is based on the. 
distribution of drugs between plasma water, plasma proteins and solid-supported 
lipid membranes (e.g., Transil®). Substituting the erythrocytes by solid-supported 
lipid membranes (e.g., Transil®) simplifies the execution of protein binding studies 
by partitioning dramatically, and it makes it particularly suitable for high throughput 
experiments. Because of the increased specific weight of the support material, phase 
separation is easily achieved with Transil®. This is a major advantage over the use of 
liposomes or RP-18 material used in, e.g., HPLC column packings. 

As mentioned above, it is known that Transil® is a widely used substance for the 
determination of membrane affinities in drug discovery 9,10 . The determination of 
membrane affinities, however, is very different from the determination of the free 
fraction. 

The finding that erythrocytes can be substituted by solid-supported lipid membranes 
is a very surprising one in view of the fact that erythrocytes are rather complex 
structures, actually being living cells, having a lipid bi-layer membrane which is host 
to a wide variety of functional enzymes, ion channels, receptors and the like. 
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It is furthermore known to a person skilled in the art that ionisation of the silica bead 
surface tends to have an effect on the binding properties of such particle ,0 . The fact 
that the unavoidable ionisation of the solid support does not negatively affect 
determination of the free fraction is an unforeseen and unexpected finding. 

Furthermore, the fact that the distribution of the compound between Transil (R) and 
the buffer is not affected by the presence of plasma constituents is also unforeseen. 
This, however, is a prerequisite for the application of Transil (R) in methods of the 
invention. 

For reasons stated above, it cannot be deemed obvious that measurements performed 
with solid supported membranes, such as, e.g., Transil (R) beads can be taken as a 
surrogate measurement for the far more sumptuous experiments using freshly 
isolated erythrocytes. 

For validation purposes, compounds covering a wide range of lipophilicities (logP 
=1.9 to 5.6) and large differences in free fractions (0.02% to ~ 35%) were selected. 
The validation results show excellent agreement in f u as determined by the method of 
the current invention, by the partitioning method (using erythrocytes as "stationary 
phase"), and by ultrafiltration. Free fractions could be exactly determined with 
differences between the various methods below 20 % even in the case of f u values 
below 0.1%. Species differences in f u in the case of Drug I, Drug II and Drug IV of 
Table 2 were almost identical regardless of whether being determined by the Transit® 
method or by a classical partitioning method using erythrocytes. Thus, the results 
show that the erythrocytes can be replaced by solid-supported lipid membranes. 
Moreover, the new method is applicable to determine very low (f u < 0.1%) and very 
high free fractions (f u > 5%), giving rise to a much wider range of application than 
currently available methods. Since precision and accuracy are comparable regardless 
of very low or high free fractions, the method proves to be especially suited for 
lipophilic drugs strongly bound to plasma proteins. For lipophilic drugs the 
investigation of the free fraction by commonly methods like ultrafiltration or 
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equilibrium dialysis is limited since lipophilic drugs often show non-specific 
adsorption to the ultrafiltration device or to the dialysis membrane. 

It has to be noted that the most critical step in the case of lipophilic drugs (that tend 
to adsorb to surfaces) is the determination of the partition coefficient in buffer. 
However, as described below adsorption to glass material can be avoided by 
accepting an accumulation of critical drugs in the lipid phase. Although the precision 
of the method may decrease if partitioning is far away from equal distribution 
accuracy increases since systematic errors are avoided. In such cases the demands on 
the validation of the analytical assay for low concentrations increase. On the other 
hand results as obtained by that procedure are much more reliable than those 
obtained by e.g. ultrafiltration or equilibrium dialysis, because with these methods 
results may be biased due to adsorption to the ultrafiltration device or the dialysis 
membrane. The comparable free fractions as obtained in the case of Drug II of Table 
2 either using this procedure or conventional methods, prove this approach yields 
reliable results. 

In conclusion, the methods of the invention produce valid results both with 
radioactivity measurement and with methods that are more common in drug 
discovery, like LC-MS/MS. The method is applicable to determine a wide range of 
membrane affinities and free fractions but is especially suited for the examination of 
free fractions of drugs strongly bound to plasma proteins. The method can be easily 
adapted to high throughput and is therefore suited for the determination of protein 
binding during drug discovery as well as for the execution of extended protein 
binding studies during drug development. Finally, by using Transil® for both the 
determination of membrane affinity and protein binding of a drug the most important 
input parameters for physiologically based modeling can be examined 
simultaneously. 
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A "suspension" within the meaning of the invention, is any mixture comprising solid 
particles and a liquid. 

Transil (R) particles are to be understood as being one example for particles, having 
suitable characteristics. Other particles, having the such suitable characteristics, can 
readily be applied in methods of this invention. 

The invention relates to: 

1 . A method for the determination of the free fraction of a substance comprising 

(a) incubation of the substance with a suspension of particles, other than 
erythrocytes, having a lipophilic surface, in a substantially protein-free 
aqueous medium, for the determination of the distribution of the 
substance between the particles and said substantially protein free 
medium; 

(b) incubation of the substance with a suspension of particles, other than 
erythrocytes, having a lipophilic surface, in a protein-containing 
aqueous medium, for the determination of the distribution of the 
substance between the particles and said protein-containing aqueous 
medium; and 

(c) determination of the free fraction of the substance from the 
distributions determined under (a) and (b). 

2. A method of count 1, wherein said suspension of particles is selected from a 
group of suspensions comprising 



(a) a suspension of particles having a solid core; 
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(b) a suspension of particles having a solid core comprising a silica bead; 
and 



3. 



4. 



(c) a suspension of Transil (R) particles. 

A method of count 1 or 2, wherein the protein-containing aqueous medium is 
plasma. 

A method of any of counts 1 to 3, wherein the substantially protein-free 
aqueous medium is a buffer solution. 



5. A method of any of counts 1 to 4, wherein said incubations of said substance 
with said suspensions of particles is on a plate having multiple cavities or on 
a 96-well-plate. 

6. A method of any of counts 1 to 5, wherein the solid core is a ferromagnetic 
solid core. 



in a 



A method for the determination of the relative free fraction of a substance 
first species in relation to the free fraction of the same substance in a second 
species comprising 



(a) determining the membrane affinity in plasma (MA plasma ) of said 
substance for said first species, 

(b) determining the membrane affinity in plasma (MA pIasma ) of said 
substance for said second species, 

(c) determining the relative free fraction from the results determined 
under steps (a) and (b). 
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8. A kit for use in any of the methods of counts 1 to 7, comprising a plate having 
multiple cavities, a buffer solution, plasma, and particles selected from a 
group of particles comprising 

(a) particles having a solid core; 

(b) particles having a solid core which is a silica bead; and 

(c) Transil (R) particles. 

9. The kit of count 8, comprising plasma of two different species. 

10. A kit of count 8 or 9, wherein specific amounts of particles are placed within 
said cavities of said plate. 

Description of the figures 

Ei agg 1 

Drug I of Table 2: Determination of binding parameters in human ai-acid 
glycoprotein (AGP) upon incubation with increasing drug concentrations in a 3.15 
p.M AGP solution. Data were fitted to the equation: Cbound= n ■ Cagp * C u /(Kd+C u ) 
using Sigma Plot 2.01 (C b0 und = bound drug concentration, n = number of binding 
sites, Cagp = AGP concentration in the assay, C u = unbound drug concentration, Kd = 
dissociation constant). 
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Examples 

Drugs and Reagents 

Both unlabeled (drugs I to V) and I4 C-labeled drugs (VI and VII) as well as reference 
compounds for analytics were synthesised in the chemistry department of Bayer AG. 
Solvents used were of HPLC grade. All other chemicals were of analytical grade. 

Transil® (silica bead coated with egg yolk phosphatidylcholine) was purchased from 
NIMBUS Biotechnologie GmbH, Leipzig, Germany. This material comprises porous 
silica beads, covered with a unilamellar liposomal membrane, non-covalently bound 
to the bead. The solid supported lipid membranes are suspended in 20 mM sodium 
phosphate buffer (pH 7.4). The lipid content as well as the dry weight of the 
respective batch are provided by the supplier. The lipid content of the respective 
batches used in our experiments was between about 10 and 65 jxl/ml suspension. For. 
determinations in HTS format, 96-well plates with removable glass inserts (0.5 or 1.5 
ml) were used. 

Biological Material 

Mouse plasma from male CD1 mice (Hsd/Wiri:CDl), rat plasma from male Wistar 
rats (Hsd/Win:WU), dog plasma from female Beagle dogs, monkey plasma from 
female Rhesus monkeys was used. Human plasma was obtained from healthy 
Caucasian volunteers. Pooled plasma of at least 3 individuals was obtained after 
centrifugation of freshly heparinised blood samples and stored at < -20 °C until 
usage. 

Stability 



The stability of the test substances in plasma of different species was tested prior to 
protein binding studies. 
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Determination of Unlabeled Drugs 

The determination of drugs I to V in plasma was done after precipitation of proteins 
with acetonitrile. Measurement of drug IV in plasma was performed by HPLC 
analysis using the same equipment and under similar chromatographic conditions as 
described earlier 8 . All other unlabeled drugs were analyzed by LC/MS-MS on an API 
3000 (MDS Sciex, Ontario Canada) triple quadrupole tandem mass spectrometer 
operated in positive ion multiple reaction monitoring mode (MRM) using similar 
procedures described elsewhere 11 . A 2300 HTLC system (Cohesive Technologies, 
Franklin, MA) was used as HPLC system and operated in the laminar flow mode. 
Chromatography was performed using gradient elution. A CTC HTC PAL 
autosampler (CTC Analytics AG, Zingen, Switzerland) was used. 

Measurement of Radioactivity 

The radioactivity concentrations were determined by standard procedures as 
described earlier 12 . 

Protein Binding by Classical Methods 

Ultrafiltration, equilibrium dialysis and the determination of the free fraction of a 
drug via distribution between erythrocytes and plasma were performed as previously 
described 8 •' \ 

Example 1 



Determination of Protein Binding via Distribution between Diluted Plasma and 
Transil® 



Le A 36 764 

- 11 - 

Protein binding of all drugs was determined via partitioning between diluted plasma 
and Transil® in vitro. All incubations were performed in glass tubes. An isotonic 
potassium phosphate buffer, pH 7.4 (Dulbeccos PBS, Sigma D8534) was used for 
diluting the plasma. 

The total incubation volume was generally between 0.3 and 1 ml. The diluted plasma 
(150 to 980 jil) of the test species was pipetted into glass tubes and Transil® (10 to 
300 \xl) was added. The test substance dissolved in a small volume of a suitable 
solvent was added to the Transil® -plasma suspensions. 

The degree of the dilution and the Transil®- volume should be chosen with respect to 
the expected f u value. For strongly bound compounds a higher dilution/and or higher 
Transil®- volumes must be considered (see below). 

The Transil® -plasma suspensions were incubated at room temperature on a 
laboratory shaker for 30 minutes. After incubation, Transil® was separated from the 
aqueous phase by centrifugation at 1800 g for 10 min, after taking aliquots of 50 to 
100 jxl for determining the actual concentrations in the Transil® -plasma suspensions. 

The radioactivity concentration in the suspension was determined directly after 
incubation. The radioactivity concentration (or the drug concentration in the case of 
HPLC or LC/MS-MS analytics) in plasma was determined after centrifugation. 

The determination of the Transil®/buffer partitioning (which is a measure for 
membrane affinity, MA) was performed in the same manner. In the case of high 
iipid/buffer concentration ratios (MA bu ner values >20000) the Transil®- suspensions 
were diluted with isotonic phosphate buffer, pH 7.4 (up to 20 fold) to avoid pipetting 
of volumes below 10 (iL 
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Example 2 



Estimation of MAbufier and f u in human plasma 



An estimate of the membrane affinity was calculated by a QSAR approach as 
described in Stahlhofen et aL 10 . The free fractions in plasma were estimated using a 
proprietary software developed at Bayer AG. (Alternatively, other approaches to 
obtain first estimates for MA and f u may be used, e.g. log D 1A for estimation of 
membrane affinities of neutral compounds and estimates of f u based on experimental 
data for drugs from the same compound class). 



Calculation of f u 



The free fraction in diluted plasma was calculated as the ratio of the partition 
coefficients for the Transil®/plasma ' (MApiaw) and the Transil®/buffer distribution 

(MA bu ffer). 

The calculation of MA bU fler was performed as follows: The total amount of drug in 
the assay (n lo t a i) was obtained using the total concentration in the Transil®-buffer 
suspension and the respective incubation volume (V to iai) the concentration in the 
buffer (CWcr) and the volume of the silica beads (V si ii C a) as well as the lipid volume 
(Viipid) according to: 



1) MA 



bufTer 



C lipid _ n total ' C buffer ' (Vtotal ~ ^silica " ^lipid ) 
^ buffer ^lipid " C 5ufrcr 



where the volume of the silica beads was obtained from the dry weight of the 
respective Transit® batch (dw Tra nsii®) the volume of the Transil®-suspension added 
(Vrransii®) the dilution factor of Transil® (dil Tr ansii®) the lipid volume (V| ipid ) the 
density of silicagel (e S iiica = 2.1 g/ml) and the density of the lipids (9n pid = 1 g/ml) 
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according to equation 2). The dry weight as well as the lipid content (k) of the 
respective Transil® batches were given by the supplier in the certificate of analysis. 



The lipid volume in the assay was calculated from the lipid content of the respective 
Transil® batch and the volume and the dilution factor of the Transil®- suspension 
added: 

3 ) V H P id = k • V Transil • • dil Transfl * 

In a second experiment, the total amount in the Transil®- plasma suspension and the 
concentration in diluted plasma, C p ia S ma', were determined. The partitioning between 
Transil® and the diluted plasma (the apparent membrane affinity in diluted plasma), 
MApiasma'* was calculated as: 



4) MA ' = ntQtal ^Pksma " (^toial "^silica " ^lipid ) 

plasma ~ V - P ' 

v lipid ^plasma 



The free fraction in diluted plasma (f u ') was calculated as the ratio of the two partition 
coefficients: 



MA. ' 

5) f ' = ■ Plasma 



The free fraction in undiluted plasma was then calculated from the f u -values in 
diluted plasma and the dilution factor a, as described earlier 1 (e.g. a = 0.1 in the case 
of 10-fold diluted plasma). It has to be noted that f u ' should be below about 50% to 
avoid a higher variability in the back-calculated free fraction in native plasma 8 . 
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a-f u ' 

6) fu ~l-f u '(l-a) 



Example 3 

Calculation of optimal Transil® volumes for new compounds 

Equations 1-3 can be rearranged to calculate the optimal Transil® volume for the 
determination of MA for a new compound. The calculated MA bu frer values and free 
fractions are used as initial estimates for the calculation. Optimal assay conditions are 
fulfilled if the amounts of drug at equilibrium in the lipid phase and in buffer (or 
plasma) are equal (naffer or n^ma or n^ma' = niipid 5=8 0.5 • ntotai) (Stahlhofen et al. 10 ). 
Thus the expression (ntotat/nupid - 1) in the subsequent equation equals 1 and the 
optimal V-rransU® for Transil® /buffer partitioning can be calculated as: 

V mnsi^ - (MA^ ■ k ■ (n tolal /n Hpid - 1) • ftiHca + dw Transil , + k • (£ siUca - ^ lipid )) - dil Transil * 

The calculation for Transil®/plasma partitioning is similar to that of the 
Transil®/buffer partitioning, only the value for MA bu frer has to be substituted by 
MApiasma 1 whereas it holds true: 

8) MA plasma ' = f u ■ ■ MA bufrcr = a + fu fu (1 ^ a) * MA bufrcr 

with a being the dilution factor of plasma, e.g. a = 0.1 in the case of 10-fold diluted 
plasma 8 . 
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Example 4 

Concentration dependence of MA 

Distribution is only independent from drug concentration if the amount of lipid is 
much greater than the amount of drug in the lipid phase: lipid content/nii pid 
> 100 [Mol/Mol]. 

The ratio lipid content/niipid is calculated according to: 
9) Lipid content/n liid = 



_ v n P id 'e Hpid /MW lipid 

%d n to ,-(n p /n to J/MW % 



By rearrangement of the above equation the maximum drug concentration that can be 
used in an incubation (C to tai, max) can be calculated (under the assumption that lipid 
content/niipfd = 100): 



im r v iipid ^ii P id/M W, ipi . d 

AU / ^ total, max 



•(nupid/n^O/MW^ -100 



The buffer- or plasma concentration at equilibrium is calculated from the actually 
added concentration (C to tai) as follows: 



11) Q ' — ^ tolal ^ total Hi " 11 lipid ^ n total) 

p,aspia V - (V + V ^ 

v total V v silica v lipid / 



The plasma concentration as related to native plasma is then calculated from the 
plasma concentration in diluted plasma and the dilution factor a (e.g. a = 0.1 in the 
case of 10- fold diluted plasma). 
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Example 5 

Comparison of Free Fractions obtained with the Transil® Method versus Free 
Fractions Determined with Other Techniques 

For validation purposes drugs with a wide range of physicochemical properties and 
free fractions were selected. LogP (pH 7.5) values were calculated to be 3.6, 5.6, 1.9, 
2.5, 2.6, 2.6 and 2.1 for drugs I to VII, respectively. Free fractions of the validation 
compounds were determined either by distribution of the drugs between diluted 
plasma and Transil® or by the distribution method as described earlier. In the case of 
drug V, protein binding was examined by ultrafiltration as reference method. 
Partitioning between buffer and Transil® was determined at a single drug 
concentration, typically at 200 jig/1. Usually comparisons were performed using the 
same batch of plasma to avoid differences in protein binding because of batch to 
batch variability. 

A complete data set with typical values for the Transil®- volumes, the dilution factor 
of plasma, the drug concentrations in the suspension and in plasma at equilibrium is 
given in Table 1. 

Table 2 summarises the results obtained with non-radiolabelled drugs in plasma from 
different species at a total concentration of about 200 jag/l. The free fraction of drug I 
amounted to 0.81 % and 0.20 % in rat and human plasma as determined by the 
Transil® method. These values are close to the ones determined with the erythrocytes 
partitioning method (f u = 0.91 and 0.24%, respectively). For the highly lipophilic 
drug II, very low, but similar free fractions were determined in mouse, monkey and 
human plasma (~ 0.050%). The free fraction in rat plasma was somewhat higher 
(-0.80%). The f„ values as determined by the erythrocytes partitioning method were 
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almost identical. In the case of drug III comparison of free fractions were only 
performed in rat plasma: f u amounted to 1.62% and 1.49% as determined by 
partitioning between plasma and Transil® or plasma and erythrocytes. About a 5fold 
difference in free fractions (human/rat) was observed for drug IV. The free fractions 
were determined to be 4.41 or 1.09% in rat and human plasma, respectively, by 
distribution between plasma and Transil®. The corresponding values as determined 
by partitioning between plasma and erythrocytes were 4.97 and 0.96%, respectively. 
As a last example drug V, a compound with a very high free fraction in human 
plasma was chosen. In that case the reference value for f u was obtained by 
ultrafiltration: the free fraction amounted to 39.5 and 33.3% in human plasma as 
deteimined by distribution between plasma and Transil® or by ultrafiltration, 
respectively. 

In Table 3 a summary of results as obtained for two ,4 C-labeled drugs is given. Free 
fractions were determined at 3 different drug concentrations (n = 3/concentration) on 
2 or 3 different days. Experiments using Transil® - or the erythrocyte distribution 
method were performed in parallel. There were no differences in free fractions in the 
concentration range tested and the results as obtained on different days were almost 
identical. Therefore, mean values and standard deviations are listed. In the case of 
drug VI very similar free fractions were determined in rat and human plasma: f u 
amounted to about 0.02 % as determined by partitioning between diluted plasma and 
Transil® The respective values as obtained with the erythrocytes partitioning 
technique were about 0.025 and 0.020 % in rat and human plasma, respectively. In 
mouse plasma the free fraction amounted to about 0.087 % as determined with both . 
methods. The free fraction in dog plasma amounted to about 0.041 or 0.034% as 
determined by the new method or by the eiythrocytes partitioning technique. 

The free fraction of drug VII as examined in mouse, rat, dog and human plasma 
using the Transil® method amounted to 2.07, 3.59, 2.07 and 1.11%, respectively. The 
corresponding values using the erythrocytes partitioning technique were comparable 
(with slightly higher values for human plasma): f u amounted to 2.60, 3.77, 2.12 and 
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1.71% in mouse, rat, dog and human plasma, respectively. In the case of dog plasma 
variability of the results was somewhat higher than usual (coefficient of variation 14- 
31%) since plasma of different dogs was used to investigate inter day variability. 

Example 6 

Incubation in 96well plates 

The assay can easily be adapted to high-throughput format as demonstrated by Loidl- 
Stahlhofen et al. 9 ' 10 for the determination of MAbutrer values. To avoid adsorption of 
lipophilic drugs, 96well plates with glass inserts should be used for all incubations. 
Furthermore, the actual concentrations in Transil®- buffer suspensions are determined 
to monitor adsorption. Results can only be accepted if the concentration deviation is 
below 20 % of the theoretical concentration. 

In silico values for MA bu ffer and f u can be used to tune the experimental conditions 
(V-rransii® and plasma dilution factor) for optimum precision. Since these in silico 
values may have a high degree of uncertainty it is suggested to perform incubations 
at 2 different Transil®- volumes so that at least one incubation is carried out under 
acceptable n bu (rer/nu P id conditions (see below) even if the MA estimate differs 
considerably from the true value. Furthermore it is recommended to determine 
MA bu ner values at first, since the experiments with plasma then can be designed more 
exactly. Neglecting V s ii ica and Vii p id in comparison to V, ot ai leads to a simplified 
version of equation 7: 



V 

' toul 



12) V Transil * ^ . k . d ii Trans . l0 .(n bufr > lipid ) 



with 
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]3) jlhuffef — "bufTtr _ "tool j 
"lipid n tolal _n buffo n lipid 

The theoretical optimum for V Transite is calculated from equation 12 with n bufrer /n lipid = 
I. In case the true MA bufrcr is 5fold higher than the estimated value used for the 
calculation of V Tra „ si i®, n bufrer /ni ip ; d is approximately 0.2. As can be seen from equation 
13, such a case would not have a relevant effect on the precision of the MA 
determination because n buffer is directly determined via C buf r er and n tota) is much bigger 
than n bu ner- In the other case of the MA bufrer being 5fold lower than the estimated 
value, n bufre /n,ip id is about 5, leading to a small difference between n tota i and n buffer in 
the denominator of equation 13. Thus a considerable decrease in precision is the 
consequence. Therefore, it is recommended to perform the MA bufrer determination at 
an additional V Transil(9 which is about 5fold higher than the calculated value for equal 
distribution between buffer and the lipid phase. It is suggested to have not more than 
70% of the total amount in the buffer phase, leading to an upper limit of n bu(ret /n lipid of 
about 2.3. 

Similarly, the optimum V Transil@ for the determination of MA plasma ' is calculated based 
on the expected f u , the measured MA^n* and the plasma dilution factor for plasma. 
MA bufrer in equation 12 is substituted by MA plasma ' as described in equation 8. As can 
be seen from equation 8 an under- or overestimation results in an almost proportional 
under- or overestimation of MAp,^' in the case of free fractions below 10%. 
Therefore, the same considerations with respect to precision as outlined above for 
MA buf rer are also valid for f u . As a consequence, the use of an additional, about 5fold 
higher V TransiI<g> , is also recommended for the determination of MA plasma \ 
Alternatively, the dilution factor for plasma can be 5fold increased or an appropriate 
combination of plasma dilution and Transil®- volume is chosen. 

An example is given in Table 4 for a hypothetical drug with a free fraction of 0.50 % 
and a MA bufrcr of 10 000. Accepting a n bu rf cr /n, ipid ratio of 2.3 a MA buffer range with the 
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2 Transil®- volumes calculated from 865 to above 100000 is covered. For the 
determination of MApUsma 1 the Transil®- volume is kept constant but the dilution 
factor is 5fold increased resulting in a f u range covered from 0.041 to 5.0%. It has to 
be taken into account that the free fraction in the diluted plasma should be below 
about 50% to avoid a higher variability in the back-calculated values 8 . This 
condition limits the upper value of f u that can be determined (see Table 4). 
Therefore, it is recommended to calculate the maximum dilution factor for plasma at 
first by rearranging equation 6 according to: 

f -Cl-f ') 

i4) *u V> *u J. 

For the calculation of the dilution factor the upper value of f u (e.g. lOfold higher as 
the calculated free fraction) is used, as done in the example shown in Table 4. This 
results in a dilution factor of about 0.02. This value is now used for the for the 
calculation of the optimal Transil®- volume for a free fraction of 0.5%. 

These examples show that with the procedure described above MAbuffcr values and 
free fractions can be determined in high throughput format even if the true- and 
estimated values differ by a factor of 10 in both directions. 

Example 7 

Determination of concentration dependence of the free fraction 

Typically incubations in buffer or (diluted) plasma are performed at a concentration 
of 200 jj.g/1 to ensure that the ratio Lipid content/n|j p i d (see equation 9) is above 100 
and the concentration at equilibrium as related to native plasma, is at least lOfold 
lower than the molar concentration of the main binding protein in plasma. This 
procedure is usually sufficient during drug discovery. However, during drug 
development the free fraction has to be determined additionally at much higher 
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concentrations as observed e.g. in toxicokinetic experiments. The maximum 
concentration that can be used in incubation under the pre-condition that the ratio 
Lipid content/niipid is at least 100, is calculated using equation 10. The plasma 
concentration at equilibrium as related to native plasma is then calculated according 
to equation 1 1 and 11a under consideration of the dilution factor of plasma. Table 5 
gives an example for 2 hypothetical drugs with free fractions of 0.10% and 0.50%, 
respectively. The MAbuffer values are assumed to be 50 000 and 10 000, respectively. 
As can be seen, the concentration as related to native plasma can be increased by 
increasing the dilution of plasma: using undiluted plasma in the incubation a 
maximum concentration at equilibrium of 263 can be reached, whereas a much 
higher concentration (393 jaM) is obtained using lOOfold diluted plasma. The 
influence of dilution is not so pronounced in the case of drug B: equilibrium 
concentration as related to native plasma in increased from 263 to 289 jxM. These, 
examples demonstrate that free fractions can be determined at very high plasma 
concentrations by properly adjusting the dilution factor of plasma. However, the- 
influence of the dilution factor may be small for some combinations of MA bU frer and. 
free fraction (see example B). 

For drug I concentration dependence of f u to human a \ -acid glycoprotein (AGP) was 
investigated and binding parameters (number of binding sites, n, and the dissociation 
constant, K<,) were calculated (see Fig. 1). The was estimated to be 0.069 ixM and 
n was close to 1, indicating that AGP is a major binding protein in human plasma 
(assuming that the APG concentration in human plasma is 16 jiM the free fraction as 
calculated from n and Kd amounts to about 0.43%, the measured f u being 0.20 to 
0.24%, see Table. 2). This example shows that the method as described herein 
correctly assesses dose dependence of f u and is appropriate for the determination of 
binding parameters. 
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Example 8 

Determination of MA bu flcr in cases of very lipophilic drugs 

Although all incubations are performed in test tubes of glass, in some cases 
adsorption can not be avoided in incubations where the drugs are handled in protein 
free solutions. This is detected in a huge deviation of added and measured 
concentration in the reference. For a few drugs, e.g. drug II even the use of silanised 
or siliconised tubes did not lead to a significant improvement and only 20 to 50% of 
the added concentrations were found in the reference. To minimise adsorption the 
following procedure has turned out to be very usefiil: usually Transil®- volumes are 
adjusted to give a 1:1 distribution of the drug between the lipid phase and buffer as 
described in materials and methods. Accepting nb uff er/nijpjd ratios much smaller than 1 
(e.g. 0.1 or 0.05) leads to higher Transil®- volumes as calculated by equation 12. As 
lined out above, a small ribuneyniipid ratio still allows a precise determination of MA, 
however, the requirements for the assay precision at low concentrations increases. 
The use of higher Transil®- volumes has a strong impact on the maximal drug 
concentration (Ctouumax) that can be used for incubation according to equation 10 but 
without effecting buffer concentration at equilibrium (equation 11). An example is 
given in Table 6 for 2 drugs with membrane affinities of 10 000 and 100 000, 
respectively: under normal incubation conditions (nbufrer/niipid =1) CtotaWmax is only 
about 1.2 and 0.12 jig/ml. About 5.5fold higher concentrations can be used accepting 
a n b uffcrfri|jpid ratio of 0.1 that can be further increased by about 2fold at an n b uffer/nji pi d 
ratio of 0.05. The use of such high drug concentrations has the advantage that 
reactive sites on the glass tubes are saturated and that adsorption is avoided due to the 
strong accumulation in the lipid phase. With that procedure we were able to 
completely avoid adsorption even for critical drugs and to determine reliable results. 
The comparison of free fractions for drug II as determined by the Transil® method or 
by the erythrocytes partitioning technique shows excellent agreement (see Table 2). 
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Example 9 

Determination of Relative f u between Different Species 

In many cases it is more relevant to know relative free fractions between different 
species than the absolute values (e.g. exposure in humans and exposure of animals in 
safety studies). Relative f u can be calculated without determining MA bU frcr as follows: 

JC\ f _ ^ u .l _ plasma. I 

i0 ) r u,rei ~~ 



f uz MApiasma,2 



with f u j and f Uf2 being the free fractions in species 1 and 2 and MApi^™,, and 
MApiasma.2 the respective lipid/plasma partition coefficients. In cases where it is 
necessary to determine plasma/lipid distribution in diluted plasma (for strongly' 
bound drugs) a very close approximation of the true f UtTe \ can be obtained by: 

a. * MA . cm , . 

16) f„ rel « — 

^ a • MA 

with ai and a 2 being the dilution factors for plasma from species 1 and 2, 
respectively. 

Considerations concerning accuracy and precision of this procedure have been 
performed for the erythrocytes partitioning method as described earlier 8 . 

Example 10 



Determination of the free fractions in HTS format 
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The following procedure is in place in our labs to determine free fractions in HTS 
format: Membrane affinities in buffer are determined first at two different Transit- 
volumes using calculated MAbufrcr values to plan the experiments as described above. 
This approach assures that membrane affinities can with certainty be determined in 
one experiment with good precision, even if the calculated and measured affinities 
strongly differ. Measured membrane affinities in buffer are then utilised to design the 
experiments in diluted plasma of the species of interest. Once again incubations with 
plasma are performed at two different Transil®- volumes and/or at different plasma 
dilutions in order to cover a wide range of possible free fractions in one experiment. 

Example 11 

Determination of the free fraction with non-linear protein binding 

The Transil® method also correctly indicates a non-linearity in protein binding as 
demonstrated for the concentration dependent binding of drug I in solutions of oti 
glycoprotein. Binding parameters could be determined with good precision. 
Concentration dependence of f u in plasma at relevant concentrations as observed e.g. 
in toxicokinetic experiments can be performed up to very high drug concentrations 
since the distribution of drugs to the lipid membranes is not dependent on drug 
concentration provided the amount of lipids is much greater than the amount of drug 
in the lipid phase. The maximum concentration in native plasma (under consideration 
of the dilution factor of plasma) that can be reached without disturbing distribution to 
the lipids, depends on the membrane affinity and the free fraction of the respective 
drug. As shown above, it can be increased by adjusting the dilution factor of plasma. 
It has to be noted that for the assessment of the concentration dependence of f u , the 
Transil®- volumes may be adjusted according to the f u expected to work under 
optimal assay conditions ( n bu frcr/niipjd ~ 1). As a general guide protein binding is 
considered to be independent from concentration unless an at least lOfold excess of 
free binding proteins is given. Assuming a 1:1 binding to the protein for drugs 
strongly bound to plasma proteins (f u < 2%), a 2-fold increase in f u is expected at a 
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drug concentration reaching 50% of the concentration of the main binding protein. At 
a drug concentration reaching 75% of the protein concentration an about 4-fold 
increase of f u is expected (see Appendix 1). In the event of significant binding of a 
drug to different plasma proteins a comparable increase of free fractions occurs at 
higher drug concentrations depending on the concentrations of the respective binding 
proteins and the affinity constants of the drug to the proteins. 

Example 12 

Determination of the pH dependency of the free fraction 

As reported by Loidl-Stahlhofen et al. 10 , the solid supported lipid membranes are 
stable up to high pH values. Therefore pH dependence of free fraction, as necessary 
during drug development, can also be monitored. 

Example 13 

Estimation of the increase of f u in dependence of drug concentration in plasma 
assuming binding to a single Protein 

The binding of a drug to a protein can be described as follows: 



Al) C-C = " ' C Pr°. " C u 
" K d +C u 



where C is the total drug concentration, C u the unbound drug concentration, C Pro( is 
the total concentration of protein, n is number of binding sites on the protein and K«, 
is the dissociation constant of the protein substance-complex. Introducing C„ = C • f u 
and rearrangement yields: 
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n • • f „ + K„-(f.-Q 



A2) c= ■ : 



In the case of a low free fraction the term (f u - f u 2 ) approaches f u and the expression 
K<j • (f u -1) approaches - K<i, therefore equation A2) simplifies to: 



A3) C = nC Prot -^ 

1 U 



The drug concentration (C x ) at which an x -fold increase of f„ is observed is then: 



A4) C x =nC Prol - Kd 



x • f„ 



Assuming at least a tenfold excess of free binding sites on the protein, 

Kd/fu equals n • CWO -fu) ~ n ' C Pro t in cases of small free fractions, the percentage 

of drug concentration to the protein concentration can be expressed as: 



A5) = fl- 1 ]lOO% 



e.g. a 2 fold increase in the free fraction is observed if the drug concentration is 50% 
of the protein concentration. Or, an x-fold increase of free fraction is observed at: 



. n ' c Prot 

A6) x - 



n • C Prot - C, 



The error in equations A5 and A6 is only below about 10% if f„ in the solution 
containing higher drug concentrations is below 8%. 
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The following abbreviations were used in the above: 

C Total drug concentration in a solution of a protein 

C u Unbound drug concentration in a solution of a protein 

Cprot Total protein concentration in plasma 

f u Fraction of free (unbound) drug in a solution of a protein 

Kd Dissociation constant of the protein drug-complex 

n Number of binding sites on the protein 

C x Total drug concentration in a solution of a protein at which an x-fold increase 
of free fraction is observed 

Table 1 

A complete data set with typical values for the Transil® -volumes, the dilution factor, 
of plasma, the drug concentration in the suspension and in plasma at equilibrium is : 
shown. Unbound fractions (f u ) of Drug I in rat and human plasma, determined by 
partitioning between diluted plasma of the corresponding species and Transil®. 
Plasma and buffer concentrations were measured by LC/MS-MS. Arithmetic means \ 
of 4-5 determinations and standard deviations (in parentheses) are given (the lipid 
content used of the batches Transil® was 9.1 and 12.5 ul/ml for rats and man, 
respectively, the dry weight was 223 and 207 mg/ml, respectively). 
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Table 5 

Equilibrium drug concentration in native plasma in dependence of f u , MA b „ir er and 
the dilution factor of plasma (Lipid content: 72.0 ul/ml, dry weight Transil®:223 
mg/ml, MW drug: 459). 





Drug A 


DrugB 


f u [%] 


0.500 


0.100 


MA bu rr CT 


10000 


50000 


dilution factor of plasma 
Ctotai, maximal [ug/ml] 
Cpiasma, native [uMJ 
Lipid cont/niip,d [Mol/Mol] 


1.00 


0.010 


1.00 


0.010 


232 


3.61 


232 


2.65 


263 


393 


263 


289 


100 


100 


100 


100 



Table 6 



Maximum incubation concentration of a drug in dependence of MAbuficr and 
nbuffer/niipid (Lipid content: 72.0 ^il/ml, dry weight Transil®: 223 mg/ml, MW drug: 
459, incubation volume: 0.5 ml). 





HbuiTer/ritipid accepted 










1.0 


1 0.10 




|0.05 




MAbufTer 


10000 


100000 10000 


100000 


10000 


100000 


Vtransil [ul] 


0.694 


0.0694 6.93 


0.694 


13.8 


1.39 


Ctotab maximal [ug/ml] 


1.21 


0.121 6.63 


0.664 


12.6 


1.27 


Cbufler, [Ug/ml] 


0.604 


0.0604 0.604 


0.0604 


0.604 


0.0604 


Lipid cont/niipid [Mol/Mol] 


100 


100 100 


100 


100 


100 
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Abbreviations 

C Total drug concentration in a solution of a protein 
C u Unbound drug concentration in a solution of a protein 
Cprot Total protein concentration in plasma 
f u Fraction of free (unbound) drug in a solution of a protein 
K<j Dissociation constant of the protein drug-complex 
n Number of binding sites on the. protein 

C x Total drug concentration in a solution of a protein at which an x-fold increase 
of free fraction is observed 
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Claims 



Method for the determination of the free fraction of a substance comprising 

(a) incubation of the substance with a suspension of particles, other than 
erythrocytes, having a lipophilic surface, in a substantially protein-free 
aqueous medium, for the determination of the distribution of the 
substance between the particles and said substantially protein free 
medium; 



(b) incubation of the substance with a suspension of particles, other than 
erythrocytes, having a lipophilic surface, in a protein-containing 
aqueous medium, for the determination of the distribution of the 
substance between the particles and said protein-containing aqueous 
medium; and 

(c) determination of the free fraction of the substance from the 
distributions determined under (a) and (b). 

Method of claim 1, wherein said suspension of particles is selected from a 
group of suspensions comprising 



(a) a suspension of particles having a solid core; 

(b) a suspension of particles having a solid core comprising a silica bead; 
and 

(c) a suspension of Transil (R) particles. 



Method of claim 1 or 2, wherein the protein-containing aqueous medium is 
plasma. 
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4. Method of any of claims 1 to 3, wherein the substantially protein-free 
aqueous medium is a buffer solution. 

5. Method of any of claims 1 to 4, wherein said incubations of said substance 
with said suspensions of particles is on a plate having multiple cavities or on 
a 96- well-plate. 

6. Method of any of claims 1 to 5, wherein the solid core is a ferromagnetic 
solid core. 

7. Method for the determination of the relative free fraction of a substance in a 
first species in relation to the free fraction of the same substance in a second 
species comprising 

(a) determining the membrane affinity in plasma (MApi asrna ) of said 
substance for said first species, 

(b) determining the membrane affinity in plasma (MA p t a sma) of said 
substance for said second species, 

(c) determining the relative free fraction from the results determined 
under steps (a) and (b). 

8. A kit for use in any of the methods of claims 1 to 7, comprising a plate having 
multiple cavities, a buffer solution, plasma, and particles selected from a 
group of particles comprising 

(a) particles having a solid core; 

(b) particles having a solid core which is a silica bead; and 
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(c) Transil (R) particles. 

9. The kit of claim 8, comprising plasma of two different species. 

10. A kit of claim 8 or 9, wherein specific amounts of particles are placed within 
said cavities of said plate. 
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Determinarion of free fractions 



Abstract 

The invention relates to methods for the determination of pharmacological properties 
of substances, such as, e.g., chemical substances. The invention also relates to 
methods and kits for use in the determination of the free fraction, f Uf of 
pharmacologically active compounds in aqueous solutions and serum. The invention 
also relates to the above methods in which solid particles, coated with a lipophilic 
medium, are used. 
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